
1 
 

FINAL TECHNICAL REPORT 
September 1, 2008, through August 31, 2009 

 
Project Title: GASIFICATION AND REDEPOSITION OF COAL FOR   
           ELECTROCHEMICAL OXIDATION  
 
ICCI Project Number:   08-1/ER8 
Principal Investigator:   Chinbay Q. Fan, GTI 
Other Investigators:   Ronald J. Stanis, Estela Ong 
Project Manager:   Dr. Debalina Dasgupta, ICCI 

 
ABSTRACT 

 
The objective of this project was to demonstrate CO2 gasification of coal as an efficient 
method for coal conversion to electricity using solid oxide fuel cell (SOFC).  Gasification 
solves the coal delivery problem in conventional direct coal SOFC.  A CO2 coal gasifier 
was constructed to generate CO for a laboratory scale SOFC.  The SOFC was operated at 
800oC using a thin electrolyte trilayer cell.  Cell performance obtained with CO matched 
the performance with H2.  However, carbon started to deposit at low fuel cell currents and 
cell performance suffered with time.  The carbon deposit eventually oxidized under load 
but at a slow rate.  For increased efficiency, the gasification process must be carried 
within the same range of temperature as the SOFC. However, at 800oC, coal gasification 
rate is slow.  Using catalysts, coal gasification rate was improved to a level suitable for 
generating SOFC fuel at temperatures as low as 750oC.  In conclusion, an integrated CO2 
coal gasifier-SOFC system appears to be technologically sound for generating green 
energy at high efficiency from coal.   
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EXECUTIVE SUMMARY 

The objective of this project was to demonstrate CO2 gasification of coal as an efficient 
method for coal conversion to electricity using a solid oxide fuel cell (SOFC).  
Gasification solves the coal delivery problem in a direct coal SOFC.   

Researchers have been attempting to electrochemically utilize solid carbon in fuel cells 
for many years, often attempting to modify existing fuel cell types for use as direct 
carbon fuel cells (DCFCs).  Coal delivery to the fuel cell and poor contact between coal 
and electrolyte are major issues preventing demonstration of acceptable performance and 
practical system design. The principal motivation for this work was to efficiently deliver 
coal to the fuel cell without loss of fuel value or loss of conversion efficiency and to 
demonstrate acceptable performance. 

A CO2 gasification reactor was constructed from 1 inch stainless steel tubing and placed 
vertically in a furnace.  A stainless steel wire mesh was welded inside the reactor to act as 
a porous support for carbon fuel.  The gasified product is led to the anode of a SOFC, 
which is located next to the reactor.   Sampling ports are provided so that both reactor and 
fuel cell anode outlet gases can be analyzed by gas chromatography (GC).  The SOFC 
was operated at 800oC, as typical for planar SOFCs with metallic hardware.  The 
performance of the fuel cell was first determined using H2 as fuel.  This baseline 
performance served as a metric for evaluating the performance with gasified coal.   

In addition to Illinois coal (obtained from Freeman United Coal Mining Co.), graphite, 
petroleum coke, and wood chips were used as carbon sources for the fuel cell.  All 
produced essentially pure CO by operating the reactor at 1100oC with a CO2 feed rate of 
40 sccm.  The CO generation rate, 80 sccm, is twice the CO2 feed rate and compares 
favorably with the 100 scpm H2 flow employed in determining the baseline performance 
of the fuel cell.  It was demonstrated that the cell performance with each gasified carbon 
fuel tested was nearly identical to the performance with H2.  The maximum power 
obtained was about 200 mW/cm2 in all cases. These results show that as compared to 
DCFC, this process does not have to deal fuel delivery and contact issues.  System 
development therefore could be simplified because existing SOFC technology can be 
applied.      

To minimize loss of fuel value, gasification at a temperature comparable to that of the 
fuel cell is desired.  However, gasification below 1000oC is slow.  Catalysts were 
evaluated to improve gasification rate.  Using low cost alkali based catalyst, gasification 
rate was improved to an acceptable level down to 750oC.   
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OBJECTIVES 

The objective of this project was to demonstrate CO2 gasification of coal as an efficient 
method for direct coal conversion to electricity using a solid oxide fuel cell (SOFC). 
Gasification solves the coal delivery problem in a direct coal SOFC. 

INTRODUCTION AND BACKGROUND 

DCFC Background 
 
Researchers have been attempting to electrochemically utilize carbon in fuel cells for 
many years, often attempting to modify existing fuel cell types for use as DCFCs.  The 
principal motivation for this work is increased conversion efficiency from carbon to 
electricity than that can be achieved by combustion, followed by Rankine cycle steam 
powered turbines or even by other types of fuel cells.  One of the challenges involved in 
implementing and scaling DCFCs is feeding a solid carbon fuel into an operating fuel 
cell.  Also, it can be difficult to maintain contact between the carbon and the electrolyte, 
and the carbon and the anode current collector.  Most of the work on DCFCs requires a 
molten medium to carry the carbon particulates and to allow them contact the electrolyte 
intimately.  
 
High temperature fuel cells such as molten carbonate and solid oxide fuel cells (SOFCs) 
are commonly used for DCFCs because their high temperature operations are favorable 
for carbon oxidation.  SOFCs operating between 700 to 1000°C have been under 
development both in the U. S. and abroad for several decades.  Like all types of fuel cells, 
SOFCs convert H2 directly to electricity, heat, and water via electrochemical reactions 
that are equivalent to H2 combustion to produce heat and water.  However, in this case, a 
significant portion of the exothermic energy of the reaction is converted directly into 
electricity.  For SOFCs, the electrolyte is a solid ceramic (generally based on yttria-doped 
stabilized zirconia) with mobile oxide ions.  The reactions of interest are: 
 

  eOHOH 22
2

2  (anode)  (1) 

  2
2 2

2

1
OeO  (cathode)  (2) 

An advantage of the SOFC with regard to its high temperature operation is the 
enhancement of reactions for reduced energy losses and high power densities.  Stand 
alone SOFCs are projected to have net electrical efficiencies of 50-55% (LHV).  If 
combined with other power generation processes such as a gas turbine (i.e., hybrid GT-
FC), the total system efficiencies are projected to be above 65%. 
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A direct carbon fuel cell electrochemically converts solid carbon fuel to dc power.  With 
an SOFC-based DCFC, the reactions are:  

Anodic reaction:    eCOOC 42 2
2      (3) 

Cathodic reaction:    2
2 24 OeO       (4) 

Overall reaction: 22 COOC        (5) 

Like any fuel cell, DCFC is not limited by the Carnot cycle efficiency.  The direct 
conversion of carbon to electricity is governed by the free energy change of the reaction.  
Its conversion efficiency is the ratio of the free energy of the reaction at the operating 
temperature to the standard enthalpy.    
  

Thermodynamic efficiency = GT / Ho
298 = 1-TS/H 

 
Since S for the carbon oxidation reaction is nearly zero, the thermodynamic efficiency 
is almost 100% and is nearly independent of temperature.  Another feature of the DCFC 
is that the activity of carbon (being solid) and of the CO2 product (being undiluted) is 
unity and therefore, invariant complete fuel utilization is possible.  Furthermore, the CO2 
product is concentrated and could be readily recovered or disposed of.     
 
GTI has been investigating a molten carbonate fuel cell based DCFC and found that 
supplying carbon to the fuel cell to be the foremost issue to be addressed.  Elutriation of 
carbon dust was investigated and showed promise.  However, because of loose contact 
with the electrolyte, high carbon utilization was not achieved.  Therefore, gas phase 
transport of carbon to the fuel cell could be the most practical process. 
 

Proposed Concept 

The proposed concept consists of a coal gasifier and a fuel cell as schematically drawn in 
Figure 1.  Carbon dioxide gas, coming from the fuel cell, is fed into the gasifier.  Coal in 
the gasifier is converted into primarily CO which is fed into the fuel cell.  Some of the 
gas generated in the gasifier may condense forming solid carbon in the fuel cell.  This 
solid carbon will not pose a problem.  It will be electrochemically oxidized along with the 
CO in the fuel cell to generate electricity.  Some of the carbon dioxide generated in the 
fuel cell can then be fed to the gasifier making a continuous process.  Key features of the 
proposed concept are: 
 
 Carbon deposition is normally prevented by increasing water and air to the gasifier in 

fuel cells fueled by conventional hydrocarbon derived gases.  While this reduces 
carbon deposition, some energy is wasted by fully oxidizing the coal without 
producing useful work or electricity.  In the proposed concept, carbon deposition in 
the fuel cell becomes a desirable feature. 

 Because carbon redeposition is not an issue, external coal oxidant, such as oxygen, air 
and steam, can be minimized or even eliminated.  Carbon dioxide exhaust fuel from 
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the fuel cell may be sufficient to gasify the coal.  

 Unlike conventional DCFCs, which use a molten medium such as molten salt or 
metal as carbon fuel carrier, the proposed concept does not require a molten medium.  
This avoids a third phase material that complicates fuel cell chemistry, design, and 
operation.  

 Continuous carbon supply to DCFCs is a major issue and limits the practicality and 
scalability of DCFCs.  Carbon supply through the gas is a very efficient method of 
introducing carbon fuel to the fuel cell.   

 Since no molten phase will be involved, coal contaminants will be in gas form and 
can be more readily removed if necessary.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For these exploratory studies, GTI used a SOFC because the operating temperature is 
high enough to promote direct oxidation of solid carbon while still allowing for cool 
enough operation to promote deposition of solid carbon.  Carbon deposited from a gas 
source has been directly oxidized in a SOFC previously.  Hasegawa and Ihara (2008) 
used dry methane to deposit carbon on a SOFC fuel cell anode and subsequently 
generated electricity by oxidizing the deposited carbon.   
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Figure 1.  Concept Schematic:  Coal is gasified to CO by reaction with CO2, CO is used to deposit solid 
Carbon in the fuel cell which produces electricity and CO2, some of the CO2 exhaust stream is returned to 

the gasifier to generate more CO. 
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The concept proposed here takes advantage of the fact that the fuel cell will tend to 
decrease the concentration of solid carbon, by oxidizing it.  This will drive the reaction 
forward.  In the gasifier the following reactions are expected: 
 
 

COCOC 22    (6) 

22 HCOOHC    (7) 

222 HCOOHCO    (8) 

422 CHHC    (9) 

Because there is a high concentration of carbon and a high concentration of CO2 in the 
gasifier both reactions 6 and 7 will proceed primarily to the right, forming CO.  Methane 
will also be produced via reaction 9 to an extent which depends upon available hydrogen 
in the coal.  Because no water will be added, the only source of hydrogen is that which is 
present in the coal initially.  This makes reactions 7 and 8 somewhat less important than 
they would be in normal gasifier operations.   
 
Coal gasification with CO2 is a known process but is carried out at >700 °C for improved 
kinetics.  This process is, however, seldom practiced because of carbon fouling (carbon 
redeposition) problems (S. Lee, et al, 2007).  Redeposition is desirable for the proposed 
concept.  When the gas reaches the fuel cell, the deposition of solid carbon will be 
encouraged by two phenomena.  First, the gasifier will be operated at over 1000 °C and 
the fuel cell will be operated at 800 °C.  According to the phase diagram, Figure 2, this 
favors the deposition of carbon.  Also, since the fuel cell will oxidize any deposited 
carbon to generate electricity, the concentration of carbon will be low.  This will 
encourage the deposition of solid carbon.   
 
The electrochemical utilization of carbon in the fuel cell involves direct oxidation of 
carbon by the reactions:   
 

  eCOOC 22   (10) 

  eCOOC 42 2
2   (11) 

Carbon monoxide gas can also be oxidized in the fuel cell: 
 

  eCOOCO 22
2   (12) 

This concept provides a means of converting coal to electricity at high efficiency (>50%).  
It also avoids the energy losses normally associated with gasifying coal and the solid fuel 
handling issues inherent in direct carbon fuel cells. 
 
Because the air side of the cell is separate from the fuel side in such a way that only 
oxygen can pass through to the anode (fuel) side and little or no air is added to the fuel 



7 
 

side, the exhaust emissions will not contain significant concentrations of nitrogen or 
oxygen.  It will be primarily comprised of CO2.  This concentrated CO2 stream is also a 
potential benefit in the event that CO2 sequestration is required. 
 

 

 

 

Figure 2.  Carbon – oxygen – hydrogen phase diagram showing lower temperatures favoring deposition of 
solid carbon. 
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EXPERIMENTAL PROCEDURES 

SOFC TESTING 
 
The fuel cell trilayer (anode, electrolyte, cathode) used in this experiment was from a GTI 
stock.  The electrolyte was yttria stabilized zirconia (YSZ), the anode is Ni-YSZ ceramic-
metallic (cermet) composite, and the cathode is Sr-doped LaMnO3 (LSM).  The active 
area was 3 cm2.  The fuel cell assembly used ceramic hardware, a nickel current collector 
for the anode and a silver current collector on the cathode.  The components are shown in 
Figure 3.  The SOFC measurements were conducted at 800oC to stay below the melting 
point of silver (962oC).  The performance of the SOFC trilayer was proven by feeding 
100 sccm H2 to the anode and 100 sccm of air to the cathode.  No backpressure was 
applied to the SOFC.  Polarization curves were measured using an Agilent E3610A DC 
power supply to draw the desired current.  The voltage at each current density was read 
after 5 minutes at each point.       
 
 

    

Figure 3. Close-up view of 1-in2 laboratory cell and components. 
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GASIFER 

A CO2 gasification reactor was assembled from 1 inch stainless steel tubing as shown in 
Figure 4.  A stainless steel wire mesh was welded inside the reactor to act as a porous 
support for the coal or biomass.  The reactor was placed vertically in a furnace capable of 
controlling the temperature up to 1100oC.  The gasifier was designed for batch reactions, 
not for continuous feeding.  The carbon fuel had to be drop-added to the reactor with the 
top portion disconnected.  With the top portion reconnected, the gasifier was heated 
slowly overnight to reach the desired temperature.  During heat up N2 was fed to the 
gasifier.  Once hot, pure CO2 was fed to the bottom of the reactor and flowed upwards 
through the carbon at a controlled rate.  The exhaust gas can be sent to the vent, a GC for 
analysis, or to the anode of the SOFC.  The GC used was an EG&G Chandler 
Engineering Carle Series 400AGC using a TCD.  The composition of the exhaust varies 
with CO2 flow rate, mass of carbon in the gasifier, and temperature of the gasifier.  The 
exhaust concentration was characterized at various temperatures and CO2 flow rates 
when using Vulcan XC72 carbon.  
 
Four unique carbon sources were used in the gasifier: Superior GraphiteVulcan XC72 
carbon, wood chips (Minnesota Pine Wood Chips, Blandin Paper Co), petroleum coke, 
coal (Freeman United Coal Mining Company, Illinois).  The analysis of the petroleum 
coke and the coal are provided in Table 1. Vulcan XC72 should be considered 100% 
carbon.  The use of pure carbon simulated coal without any impurities such as water or 
contaminants such as sulfur or chlorine.  The presence of water could lead to the steam 
gasification reaction.  The side reaction of steam gasification is desirable in the final 
system, however, it is undesirable for proof of concept CO2 gasification experiments.  We 
also required a pure CO stream in the absence of hydrogen to prove that the fuel cell can 
be powered by CO alone.  Water in the fuel could lead to H2 generation by steam 
gasification.  Petroleum coke was chosen because of its high carbon content and low 
sulfur content (relative to the coal used).   
 
To produce high concentration CO from Vulcan XC72, pet-coke, or coal, each material 
was added to the gasifier when cold then heated slowly overnight under N2 as described 
above.  When the wood was gasified, it was added to the gasifier while hot (1100oC) 
under a CO2

 flow of 40sccm.  This is because the water and volatile organic content of 
wood is so high.  If the wood were heated under N2 overnight this would have resulted in 
the conversion of wood to charcoal and the resulting gasified stream would be similar to 
that of Vulcan XC72.  The use of wood, representing biomass, demonstrates the flexible 
fuel capabilities of the system.          
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Figure 4.  Pictures of CO2 coal gasification reactor.  Arrow points to stainless steel mesh which supports the 
coal bed. 

 

Proximate Analysis 
 (ASTM DD5142, D5016) 

AJE CA 
Pet-Coke 

As received 

Freeman 
Energy Coal 
(As received) 

Moisture % 0.71 8.85 
Volatile Matter % 12.23 38.07 
Ash (950oC) % 0.32 9.29 
Fixed Carbon % (by diff) 86.74 43.79 

Ultimate Analysis, Dry Basis 
(ASTM D5373, D5016 D4239) 

 

Ash (950oC) 0.32 9.62 
Carbon % 93.03 71.85 
Hydrogen % 3.86 5.11 
Nitrogen % 3.34 1.35 
Sulfur % 1.00 3.86 
Oxygen % N.A. 8.11 
Fluorine ppm N.A. 78 
Chlorine % 0.017 0.095 

 
Table 1.  Analysis of the composition of the Pet-Coke and Coal used in the gasifier. 
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IMPROVEMENT OF GASIFICATION RATE 

CO2 gasification of carbon materials at low temperatures is kinetically limited.  To 
improve gasification rate, different catalysts were evaluated using Vulcan XC72 carbon 
black as the carbon base.  The catalysts considered, including K2CO3, Li2CO3, KNO3, 
NaNO3, MgO, Fe2O3, InO3, etc.  However, for cost and catalyst management issues as 
well as in-house experience, only alkali compounds were tested.  The alkali material was 
added to carbon at a weight ratio of 1:5.  The mixture was blended together with the aid 
of water and then dried overnight at 100oC.  The catalyzed C was loaded to the gasifier 
and heated to either 850 or 900oC under flowing N2.  The gas stream was changed to CO2 
after the test temperature was reached.  The exhaust gas was directed to a GC and was 
allowed to flow for at least 20 minutes before starting GC analysis. 
 

RESULTS AND DISCUSSION 
 
GASIFIER RESULTS 
 
The gasifer was partially characterized and optimized to produce a high purity CO stream.  
It can be seen in Figure 5 that low temperatures and high flow rates result in low 
concentration CO.  The Vulcan XC72 carbon is not very dense and only <3g of material 
could fit in the gasifier.  At low temperatures and low conversion, the exhaust 
concentration can be analyzed at a number of flow rates.  At high conversion, this 
becomes more difficult as 3g grams of carbon should react within 2-3 hrs.  With the GC 
requiring 20 minutes per sample and the fact that multiple samples are required for 
accuracy, the task of fully characterizing the gasifier at high temperature becomes 
problematic.  Rather than fully characterizing the gasifier, the conditions were found that 
gave consistent high purity CO (40sccm at 1100oC).  At 100% conversion a flow of 
40sccm CO2 should produce 80sccm of pure CO, which is more than sufficient for the 
small SOFC used. 
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Figure 5.  CO concentration of the gasifier exhaust when using Vulcan XC72 carbon. 
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SOFC RESULTS  
 
Task 1 . Set-Up SOFC Test Stand and Perform Dry Run 
 
To fulfill Task 1, the SOFC was first tested using H2 and dry CH4 fuels.  The 
performance can be seen in Figure 6.  The performance when using dry CH4 was reduced 
when compared to pure H2 because of carbon deposition.  It is well known that the use of 
hydrocarbon fuels with little or no water content leads to carbon deposition on the anode 
(1).  This is due to the thermodynamic equilibrium between CO, CO2, C, and H2O.  The 
addition of water allows for the steam gasification reaction to push the equilibrium away 
from solid carbon formation.  Higher temperatures can also be used to reduce carbon 
deposition.   

 
 

Figure 6.  SOFC performance curves at 800oC using H2 and dry CH4.  Forward scans increased the current 
density while decreasing the voltage. 

 
Task 2. Test SOFC with Simulated Coal Gas Compositions 
 
To fulfill Task 2, the SOFC was operated on CO2 gasified solid carbon fuels.  For these 
experiments a fresh SOFC trilayer was installed in the fuel cell hardware.  Each solid 
carbon fuel was gasified at 1100oC using 40sccm of CO2.  A GC was used to confirm that 
high concentration CO was produced before sending the gas to the fuel cell anode.  The 
product of the gasification of Vulcan XC72 was pure CO.  The product of the gasification 
of pet-coke and coal was nearly pure CO with initial trace amounts of H2 and occasional 
trace amounts of H2S.  The product of the gasification of the wood was 77.2% CO, 
0.5%CH4, 18%CO2, 4%H2, with detected amounts of C2H6, and C2H4.  A summary of the 
compositions is available in Table 2.  The products from wood were so different because 
of the high water content in the wood and because the wood was not dried out overnight 
before gasification.  Note that water is adsorbed before GC analysis to protect the GC 
columns.   
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Fuel 

 SOFC Power† 

mW @ 
318mA/cm2 

Gasifier Results 
%CO %CO2 %CH4 %H2 H2S Others* 

H2    100   187 
Vulcan XC72 100      162 
Wood 77.2 18 0.5 4.0  C2H6, C2H4 179 
Pet Coke 96.2 3.8   Trace  188 
Illinois Coal 97.8 2.2   Trace  178 
 
Table 2.  Summary of gasification results and SOFC power at 318mA/cm2 (1A total).  *GC was not 
calibrated for C2H6 and C2H4, by difference total concentration is less than 0.3%. †Maximum power was not 
measured in some cases to protect the SOFC against low voltages.  Displayed power is near maximum.  
 
 
After GC analysis, the gasified streams were sent to the anode and blended with the H2 
stream while the fuel cell was at a load of 64mA/cm2.  The H2 flowrate was then 
gradually reduced to zero over a period of 10 min while the voltage was monitored.  
Once the SOFC fuel was only gasified carbon, the performance was measured by 
increasing the current density and recording the voltage.  The conditions are held for 5 
minutes before the data is recorded.  The performance for each fuel is displayed in Figure 
7 and  summarized in Table 2.  For all tests, the SOFC performance using CO2 gasified 
carbon fuels was very similar to the performance when using pure H2. During the reverse 
scans (from high current to low current) the performance was significantly worse.  This 
can be attributed to carbon deposition.  When using pet coke or coal the reduction in 
performance could be also be attributed to possible H2S poisoning.  During the reverse 
scans the performance was becoming worse with time and these scans should not be 
considered steady-state.  The tests were terminated before stead state could be reached to 
avoid permanent damage to the SOFC.  The performance loss when using the gasified 
wood did not occur as quickly as when the other fuels were used.  This is because of the 
high water content in the wood which was not dried out as the other fuels were.  With 
time the performance of the SOFC powered by wood gas did experience carbon 
deposition and reduced performance.  After the SOFC performance curves were 
measured, the CO2 gasified carbon fuel stream was removed and pure H2 was 
reintroduced to the fuel cell.  The load was then reset to 64mA/cm2 and the voltage was 
monitored for several days.  After several days, the performance returned to normal 
demonstrating that the carbon deposition poisoning was fully reversible.  In fact, the 
same trilayer was used for each fuel shown in Figure 7.  This performance test after 
carbon deposition demonstrates the slow oxidation kinetics of solid carbon.   
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Figure 7.  SOFC performance comparison using H2 and CO2 gasified solid carbon fuels. 
 
 
CATALYSTS SCREENING FOR IMPROVING C GASIFICATION RATE 
 
The gasifier and the SOFC should be thermally compatible with each other for maximum 
efficiency.  The CO2 gasifier suits best with high temperature tubular SOFCs operating a 
round 1000oC because pure CO could be produced.  However, practical SOFCs operate at 
800oC or lower temperatures due to materials issues.  Within a fuel cell, temperature is 
lower at the fuel inlet and higher at the outlet due to internal resistance. Without any 
cooling measures, the temperature gradient in a thermally self sustaining SOFC stack 
easily exceeds 100oC.  It would be ideal if the gasifier can directly operate with the hot 
gas from the gasifier to produce fuel cool enough for the fuel cell.  This means gasifying 
at 900oC or lower for SOFCs operating at 800oC.  From literature data, we derived the 
equilibrium CO composition at different temperatures, for a CO/CO2 mixture.  The 
values are presented in Table 3.  They represent the maximum CO composition 
obtainable from a CO2 coal gasifier operating at the corresponding temperature.  C could 
drop out if the actual CO composition is higher than the equilibrium value.  This 
explained why C deposited on our 800oC SOFC when fueled with pure CO.  The 
equilibrium CO composition of 50 to 90% at 700 to 800oC should be high enough for 
SOFCs.  Therefore, CO2 coal gasifier may be operated at 900oC or lower for 
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compatibility with 800oC SOFC provided that near equilibrium CO composition is 
obtained. 
 

Temperature, oC % CO in Gas Product 
Observed Equilibrium Value 

750 53.5 71 
800 77 89 
850 91 95 

 
Table 3.  Equilibrium CO composition versus CO composition obtained with catalyzed coal. 

 
 

On the other hand, gasification rate at low temperatures is kinetically limited.  Using 2.5 
g Vulcan X-72 carbon black from Superior Graphite (Chicago, IL) as C source, we 
obtained a mere 2.3% CO with a CO2 gas stream of 45 sccm at 850oC and 9.4% at 900oC.  
To improve gasification rate, we added catalyst to the carbon black.   Several catalysts 
were considered, including K2CO3, Li2CO3, KNO3, NaNO3, MgO, Fe2O3, InO3, etc.   
However, for cost and catalyst management issues as well as in-house experience, only 
alkali compounds were tested.  Test results are described as follow: 

1. The first test was with 2.5 g sample of K2CO3 catalyzed carbon 900oC.   We obtained 
a gas product containing 72% CO using a CO2 feed of 100 sccm.  However, the 2.5 g 
sample was quickly consumed since the gasification rate was calculated to be 1.8 
g/hr.   The CO composition consequently dropped significantly after the first GC 
sampling.  Composition profile with time is presented in Figure 8.  For comparison 
purpose, also shown in this figure are those of uncatalyzed Vulcan X-72 C and the 
98% equilibrium CO composition at 900oC.   

2. The second test was with 3.7 g KNO3 catalyzed carbon at 850oC.  The test 
temperature was lowered to reduce C consumption rate.  The CO content of the gas 
product was initially 78% CO and decreased with test time.  The profile of CO 
content with time is shown in Figure 9.  For comparison purpose, also shown in this 
figure are those of additive-free Vulcan X-72 C and the 95% equilibrium CO 
composition at 850oC.   

3. The third test conducted used 2.5 g NaNO3 catalyzed C at 850oC.  The reactant CO2 
flow rate was inadvertently set at 100 cpm instead of the intended 65 cpm.  As with 
the previous tests, % CO of the product decreased with time.  Results are incorporated 
in Figure 9.  To more fairly compare the results for the two catalysts, the data are 
presented as CO production rate in Figure 10.   As shown, more CO was produced 
from K2CO3 catalyzed carbon.   

4. The fourth test was a repeat of K2CO3 catalyzed carbon.  The test used 3.7 g sample 
and was conducted at 850oC with 65 cpm CO2 reactant.   Data in Figure 11 shows that 
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under similar test conditions, gas composition of gas products from K2CO3 catalyzed 
C is very similar to that of KNO3.    

5. Since K2CO3 is less volatile and more stable in CO/CO3 gas stream than KNO3, 
further studies were conducted with K2CO3 catalyzed C.  More samples were 
prepared and the next test was conducted with a 10 g sample.  Tests were carried out 
at 750, 800 and 850oC using 65 cpm CO2 reactant.   The CO content of the gas 
product at each temperature is compared with the equilibrium values in the figures 
below.   The CO content of gas product at each temperature studied was below the 
equilibrium value but the difference became narrower with temperature.   

The results with K2CO3 catalyzed C are very encouraging because: 

1. Significant improvement in gasification rate was obtained from catalyzed carbon 
within the desired temperature range.   

2. With K2CO3, ample CO for SOFC application has been produced at each of the 
temperature studied.   Equilibrium composition might be reached through 
refinement of catalyst composition and increased CO2/coal reaction time.   

3. K2CO3 catalyst is low cost and is stable with CO/CO2.   Its preparation is straight 
forward.    
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Figure 8.  CO Composition over Time. 
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Figure 9.  Test results with KNO3 and NaNO3 Catalyzed Coal. 
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Figure 10.  CO Production Rate for KNO3 and K2CO3 Catalyzed Carbon. 
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Figure 11.  CO Composition of Gases from Catalyzed C. 

 

CONCLUSIONS AND RECOMMENDATIONS 

The key conclusions derived from the results of the studies are: 

1. With an 800oC SOFC, electrical conversion is much more efficient with CO than 
with solid carbon.  It was demonstrated that SOFC performance with CO is 
comparable to that with H2.  On the other hand, once carbon deposited on the 
anode, performance suffered with time indicating slow carbon oxidation.  

2. CO2 gasification of coal and other carbon-based fuels to generate SOFC quality 
CO could be carried out at temperatures as low as 750oC with the aid of low cost 
alkali-based catalysts. This low temperature gasification makes it ideal for 
integration with SOFC to generate electricity at an efficiency as high as 90% or 
higher.  

3.  For an integrated gasifier/SOFC system, the only inputs are coal to the gasifier 
and air to the fuel cell cathode.   The outputs are electricity and CO2.  Because the 
CO2 exhaust is relatively pure (>95%), it could be readily sequestered. And since 
NOx production from fuel cells is generally negligible, the system is therefore 
environmentally advantageous.  

We therefore recommend furthering the studies to generate gasifier and SOFC 
performance data to enable prototype system design and modeling and to evaluate the 
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system’s commercial potential.   Results of these advanced studies are useful in attracting 
technology investors and commercial partners. Tests could be carried out using GTI’s 
bench scale SOFC stands and suitably sized CO2 gasifier.  GTI bench scale SOFCs are 
capable of generating the required data for stack modeling and design.   
 

REFERENCES 
 
1. Shinichi Hasegawa and Manabu Ihara, Journal of the Electrochemical Society 155(1), 

B58-B63, 2008. 
 

2. S. Lee, J.G. Speight, and S.K. Loalka, Handbook of Alternative Fuel Technologies, 
CRC Press 2007. 



20 
 

DISCLAIMER STATEMENT 
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the use of, any information, apparatus, method or process disclosed in this report. 

Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
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